2+ channels (LTCCs) play a crucial role in excitationcontraction coupling and release of hormones from secretory cells. They are targets of antihypertensive and antiarrhythmic drugs such as diltiazem. Here, we present a photoswitchable diltiazem, FHU-779, which can be used to reversibly block endogenous LTCCs by light. FHU-779 is as potent as diltiazem and can be used to place pancreatic β -cell function and cardiac activity under optical control.
1
. Activated by membrane depolarization, LTCCs permit Ca 2+ influx into cells and are key players in voltage-dependent signal transduction [1] [2] [3] . For instance, LTCCs are crucial for pacemaking, electrical conduction, and excitationcontraction coupling in the heart 1 . In pancreatic β cells, LTCCs are essential for excitation-secretion coupling affording insulin release 4 . To study the role of LTCCs at high temporal and spatial resolution, we developed a photoswitch that enables control of LTCCs using light.
Based on the structure of the benzothiazepine-like Ca 2+ channel blocker diltiazem (1 ), we synthesized the doubly charged, hydrophilic photoswitch FHU-779 (2 ) through synthetic intermediates 4 -17 by installing a photoresponsive azobenzene moiety ( Fig. 1a,b ; for synthesis see Supplementary Note 1). Under blue (470 nm) illumination or in the dark, the compound rests in its thermally more stable trans state (2 ) . Upon UV-A irradiation (385 nm), the compound is reversibly converted into its energetically elevated cis state (3 ) , which has a bent conformation. We characterized the spectral properties of cis-and trans-FHU-779 by UV-Vis spectroscopy (Fig. 1c) . Thermal relaxation from cis-to trans-FHU-779 detected at 360 nm followed a mono-exponential time course with a time constant of τ = 4,081 ± 71 min ( Supplementary Fig. 1 ). To determine whether FHU-779 was able to afford optical control of LTCC function, we performed whole-cell patch clamp recordings using HEK293T cells heterologously expressing Ca v 1 channels. Current-voltage (I-V) relationships for Ca v 1.2 and Ca v 1.3 in the presence of cis-and trans-FHU-779 are shown in Fig. 1d and Supplementary Fig. 2 , respectively (n = 3 cells each). In its trans state, FHU-779 strongly reduced inward currents conducted by both channel subtypes. The block of Ca v 1 channels was reversible when FHU-779 was repeatedly photoswitched between its trans and cis states ( Fig. 1e,f; Supplementary Fig. 2 ). Quantification of the block (see Methods) induced by 25 µ M externally applied FHU-779 was impeded by LTCC current rundown 5 , yielding photoswitching efficacies of 46.5 ± 7.6% and 46.4 ± 5.4% for Ca v 1.2 (n = 10 cells) and Ca v 1.3 channels (n = 9 cells), respectively (Fig. 1g) . In contrast, FHU-779-mediated photoswitching of voltage-gated potassium (K v ) channels, which are reportedly blocked by high dose diltiazem 6 , was far less efficient, with only 6.2 ± 2.7% (n = 6 cells) and 5.9 ± 3.0% (n = 6 cells) photoswitching detected for heterologously expressed Shaker-IR or endogenous K v channels, respectively. Furthermore, photoswitching quantification of voltage-gated sodium channel Na v 1.5 by FHU-779 showed only 5.4 ± 0.9% change (n = 10 cells). These data demonstrate that FHU-779 endows light sensitivity to the two major LTCC subtypes, Ca v 1.2 and Ca v 1.3, but has negligible effects on K v and Na v channels. In an attempt to determine the access route of FHU-779 into LTCCs, the drug was applied intracellularly via the patch pipette. Whole-cell dialysis of 100 µ M FHU-779 resulted in negligible photoswitching of both Ca v 1.2 (8.6 ± 6.0%; n = 4 cells) and Ca v 1.3 currents (2.0 ± 4.6%; n = 7 cells, Fig. 1g ). This result suggests that FHU-779 enters LTCCs from the extracellular side rather than from the cytosol 7 .
To more precisely quantify FHU-779 photoswitching, we performed ratiometric Ca 2+ imaging 8 of HEK293T cells heterologously expressing a Ca v 1.2 chimera deficient for channel inactivation (Ca v 1.2Δ 1671-G12-CaM MUT ) 9 . LTCCs were activated by high extracellular [ Supplementary Fig. 3 ). The difference between both dose-response relationships of trans-FHU-779 and cis-FHU-779 data represents quantitative photoswitching amplitudes at a given concentration.
To rationalize these results, we constructed an open-state Ca v 1.2 model and docked FHU-779 using a previously elaborated approach 12 with the open Na v Ab channel X-ray structure as a template 13 (Supplementary Figs. 5 and 6; Supplementary Tables 1 and  2 ; Methods). The model accommodated trans-FHU-779 with the tricyclic moiety and the long chain, as predicted for benziazem 14 , with a similar chemical structure to that of FHU-779. The benzothiazepine moiety was bound in the repeat III/IV fenestration, the protonated nitrogen resided near the selectivity filter, and the long photoswitchable moiety extended along the inner pore ( Supplementary Fig. 5 ). cis-FHU-779 was also accommodated in the inner cavity, but the folded conformation was too bulky to access this site through either the open activation gate or fenestration ( Supplementary Fig. 5 ).
To further explore the application spectrum of FHU-779 in primary cells and tissue endogenously expressing LTCCs, we used pancreatic islets and monitored [Ca 2+ ] i in β cells (Fig. 2a) . When triggered by LTCC-mediated Ca 2+ influx, pancreatic β cells secrete insulin to regulate blood glucose levels 15 . First, the ATP-sensitive K + channel (K ATP ) blocker tolbutamide was applied to depolarize β cells and fully activate LTCCs 16 . This led to a Ca 2+ influx, which was reduced by trans-FHU-779 when cells were illuminated at 470 nm (Fig. 2a) . This effect was reversed by illumination at 395 nm, yielding 52.2 ± 2.7% photoswitching (n = 9 islets; Methods). Controls were performed relative to the magnitude of tolbutamide alone and with diltiazem-and tolbutamide-treated islets (n = 9; Supplementary  Fig. 7 ). Prior application of a saturating concentration of diltiazem precluded photoswitching by FHU-779 ( Supplementary Fig. 7 ). Whole-cell patch-clamp experiments in dissociated β cells displayed reduced inward currents through LTCCs at 470 nm compared to 370 nm light in the presence of FHU-779 (Fig. 2b) , reinforcing our imaging results. In the absence of FHU-779, corresponding I-V relationships did not differ in current amplitude in response to illumination ( Supplementary Fig. 7 ). Insulin secretion was determined in islets under control conditions (tolbutamide) or following application of diltiazem and cis-or trans-FHU-779 (Fig. 2c) . As expected, only application of diltiazem and trans-FHU-779 significantly reduced insulin secretion. To demonstrate the spatiotemporal control of LTCCs, we reversibly photoactivated FHU-779 in a single from a doublet or triplet islet of Langerhans ( Supplementary  Fig. 8 ), as well as in single β cells residing within the intact microorgan ( Fig. 2d-f ), while performing Ca 2+ imaging. As such, FHU-779 enables precise spatiotemporal optical control of endogenous LTCC function in pancreatic β cells.
FHU-779 was also applicable to explanted hearts perfused in the Langendorff configuration 17 . Besides coupling excitation and contraction in cardiomyocytes, LTCCs are important for sinoatrial pacemaking in the right atrium and atrioventricular conduction 1 . FHU-779 was perfused into coronary arteries, and the right atrium was illuminated. Illumination with 480 nm reduced heart rate, which was reversed by 380 nm illumination (Fig. 2g) . Photoswitching affected the heart rate by 5.8 ± 1.8% (n = 4 hearts) in comparison to control experiments, which were performed before FHU-779 application but with the same illumination protocol (Fig. 2h) . We also screened irradiation wavelengths and found that 360 nm illumination achieved the largest increase in heart rate, although 400 nm light was still effective (Supplementary Fig. 9 ). Furthermore, we analyzed the relationship between cycle length for switching between 480 nm and 380 nm illumination and heart rate response, and found a maximal effect at 30 s of illumination ( Supplementary Fig. 9 ). These experiments were further substantiated by whole-cell patch-clamp recordings of LTCC currents from adult cardiomyocytes revealing photoswitching of 20.5 ± 8.8% (n = 12 cells; Supplementary Fig. 9 ). To demonstrate spatial control of cardiomyocyte function, Cor4U cardiomyocytes were plated on microelectrode arrays (MEA) and treated with FHU-779. The 
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NaTUre CHemiCaL BioLogy duration of extracellular field potentials (FPs), which reflects the LTCC-dependent plateau phase of the cardiac action potential 18 , was measured from individual electrodes, and only part of the MEA was illuminated with either 385 nm or 480 nm light. The illuminated electrodes showed a FP prolongation upon UV light and FP shortening using 480 nm light, indicating activation and block of LTCCs, respectively (Fig. 2i ). This effect could be changed repetitively and was not observed on nonilluminated electrodes of the same MEA ( Supplementary Fig. 10 ).
In conclusion, we present a tool to reversibly control endogenous LTCCs with the spatiotemporal precision of light. FHU-779 is applicable in dissociated primary cells and ex vivo organ preparations. Compared to light-flash photolysis of nifedipine for optical control of LTCC activity 19, 20 , FHU-779 extends experimental options by enabling high temporal reversibility. Thus, entirely new experimental designs may be envisaged to study LTCC function.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41589-018-0090-8. (1) with 405 nm light (photoactivated ROI, white solid line (1); control ROI, gray solid line (2); scale bar, 50 μ m; representative images, n = 7 islets from three animals). e, Close up of photoactivated ROI (1) before and during 405 nm irradiation (colored map applies to d and e; W/O, without). f, Time course of F/F min , before and during block release of representative ROIs (1 and 2) (n = 7 islets from three animals). g,h, Heart rate modulation by FHU-779 (25 μ M) in intact mouse hearts. g, In the presence of FHU-779, 480 nm illumination of the right atrium decreased the spontaneous beating rate of a representative single heart. 380 nm illumination reversed this effect. h, Quantification of heart rate change induced by 380 nm light relative to 480 nm illumination before FHU-779 (W/O) and in the presence of FHU-779 (n = 4 hearts, two tailed, paired student t-test; *P < 0.05 (P = 0.0375)). i, Overlay of representative field potential (FP) signals of a monolayer Cor4U cardiomyocytes incubated with FHU-779 (10 µ M). One electrode was in the illuminated region (i) of the MEA and the second electrode was in the nonilluminated area (Supplementary Fig. 10 ). The FP duration in i was determined to be 170.4 ± 14.8, 186.3 ± 15.9 ms for 480 nm and 385 nm, respectively (n = 4, paired t-test, P = 0.0159). All data are expressed as mean ± s.e.m.
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Methods
Cell culture and transfection. HEK293T (tsA-201) cells (Sigma-Aldrich) and a HEK293 cell line expressing Na v 1.5 (both tested for mycoplasma, not authenticated) have been cultured as described elsewhere 21 . For patch-clamp experiments, HEK293T cells (tsA-201, Sigma-Aldrich) were transiently transfected with either rat Ca v 1.3α 1 , β 3 , α 2 δ 1 or rabbit Ca v 1.2α 1 , β 3 , α 2 δ 1 in a molar ratio of 1:1:, or Shaker-IR (inactivation removed) using the calcium phosphate method 21 . eGFP was co-transfected for cell selection. For Ca 2+ imaging, HEK293T cells were transiently co-transfected with rabbit Ca v 1.2Δ 1671-G12-CaM MUT , β 3 , α 2 δ 1 and TRAAK-GFP. After transfection, cells were kept for 12 h at 37 °C and for then for 48 h at 32 °C before experiments.
Culture of primary mouse pancreatic islets. Islets were isolated from male 8-week-old CD1 mice using collagenase digestion, as previously detailed 22 . All studies were regulated by the Home Office according to the Animals (Scientific Procedures) Act 1986 of the United Kingdom (PPL P2abc3a83) and study approval granted by the Animal Welfare and Ethical Review Body of the University of Birmingham.
Isolation of adult mouse cardiomyocytes. Ventricular cardiomyocytes were isolated from 12-week-old female CD-1 wild-type mice, as previously described 23 . Animal experiments were carried out according to the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes and were approved by the National Office for Nature, Environment and Consumer Protection. + current recordings contained (in mM): 10 NaCl, 135 K + gluconate, 10 HEPES, 2 MgCl 2 , 2 MgATP, and 1 EGTA, and the pH was adjusted to 7.4 using NaOH. The external solution for Na + current recordings contained (in mM): 145 NaCl, 0.5 CdCl 2 , 2 CaCl 2 , 5 HEPES, and 5 glucose, and the pH was adjusted to 7.4. The internal solution for Na + current recordings contained (in mM): 30 NaCl, 100 CsCl, 10 HEPES, 2 MgCl 2 , 1 CaCl 2 , 2 MgATP, 0.05 NaGTP, 10 EGTA and 5 glucose; the pH was adjusted to 7.4 using CsOH. FHU-779 was dissolved in DMSO. In recording solutions, the DMSO concentration was below 0.1%.
The patch-clamp protocol to record the FHU-779 block of Cav1.2 and Ca v 1.3 depolarized the membrane potential from − 70 mV to + 10 mV or + 30 mV for 100 ms, respectively, at a frequency of 1 Hz. Each illumination cycle included 16 depolarizations under either 385 nm or 470 nm illumination. I-V relationships were elicited by stepping from the holding potential to potentials between − 70 mV and + 80 mV for 100 ms under simultaneous irradiation with either 385 nm or 470 nm light at a frequency of 1 Hz. Photoswitching (ps) was quantified (Fig. 1g) as a percentage of the integrated inward current elicited during the last depolarization of a cycle before switching wavelengths (16 th depolarization at 380 nm or 470 nm illumination) in the following way. Integrated inward currents of two consecutive recorded cycles (one at 385 nm and one at 470 nm light) were compared. The larger current of both was defined as I major and the other I minor : photoswitching = (I major -I minor /I major )× 100; Here, I major is I 385nm = integrated inward current at 385 nm or I 470nm = integrated inward current at 470 nm (note that for Ca v 1.2 and Ca v 1.3 I major = integrated inward current at 385 nm). This was applied to the first two recorded cycles (one at 385 nm and one at 470 nm light) of a cell and the second and third recorded cycles (one at 385 nm and the other at 470 nm light), corrected for current rundown by linear compensation and averaged. In the case of I major = I 385nm , the resulting value of ps for a single cell was defined to be positive (case for external FHU-779 on Ca v 1.2, Ca v 1.3, Shaker-IR, endogenous K v channels and internal FHU-779 on Ca v 1.2). For I major = I 470nm the resulting value of ps for a single cell was defined to be negative (case for external FHU-779 on Nav1.5 and internal FHU-779 on Ca v 1.3). Within a group of cells belonging to a certain ion channel, ps values were averaged and the absolute value thereof was plotted in Fig. 1g . The resulting ps value represents only a qualitative indicator of light-induced block because of the process of current run down. Due to this effect, no constant baseline can be detected for Ca v 1.2 and Ca v 1.3 currents, compromising precise quantification. Integration of inward currents was performed using HEKA software. Data were analyzed in Igor Pro using the Patcher's Power Tools (MPI for Biophysical Chemistry, Göttingen) plugin. Statistical evaluation was performed by one-way ANOVA followed by Sidak´s multiple comparison test, *P < 0.05, **P < 0.01, ***P < 0.001 (P = 0.0064, degrees of freedom (df) = 6, F = 3.52).
Whole-cell patch clamp experiments in dissociated β cells were performed using a HEKA Patch Clamp EPC10 USB amplifier and PatchMaster software (HEKA). Patch pipette resistance varied between 4-7 MΩ . For recording Ca v currents 2 , the bath solution contained (in mM): 82 NaCl, 20 tetraethylammonium chloride, 0.1 tolbutamide, 30 CaCl 2 , 5 CsCl, 1 MgCl 2 , 0.1 EGTA, 10 glucose, and 5 HEPES (adjusted to pH 7.4 with NaOH). The intracellular solution contained (in mM): 102 CsCl, 10 tetraethylammonium chloride, 0.1 tolbutamide, 10 EGTA, 1 MgCl 2 , 3 Na 2 ATP, and 5 HEPES (adjusted to pH 7.4 with CsOH). All cells had a leak current below 10 pA on break-in at -70 mV. Voltage steps were applied to the cells from the baseline at -70 mV to + 50 mV in 10-mV intervals for 0.5 s. The resulting current was normalized to the cell capacitance, measured using a 10-pA test pulse. The data was analyzed in Igor Pro using the Patcher's Power Tools (see above) plugin. Current values were analyzed using Excel (Microsoft) and plotted in Igor Pro.
Patch-clamp recordings of Ca v currents in cardiomyocytes were performed using an EPC10 amplifier (HEKA) in whole-cell voltage clamp configuration. Single cardiomyocytes were plated after dissociation (see above) at low density on laminin-coated (0.1%) coverslips in the external solution (in mM): 120 NaCl, 5 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 10 HEPES, and 20 tetraethylammonium chloride, pH 7.4 (TEAOH), and then perfused with FHU-779 (25 µ M). The pipette solution contained (in mM) 120 CsCl 2 , 3 MgCl 2 , 3 Na-ATP, 0.42 Na-GTP, 5 Na-phosphocreatine, 10 EGTA, and 5 HEPES (pH 7.2, CsOH). Cardiomyocytes were held at a holding potential of − 80 mV, and then a 50 ms depolarizing step to + 40 mV was applied to inactivate Na + currents followed by a 300 ms depolarizing step to 10 mV to evoke Ca 2+ currents. Peak Ca 2+ currents were normalized to the cell capacitance and expressed in pA/pF. Cardiomyocytes were illuminated with either blue light (470 nm) or UV light (385 nm) from a temperature-controlled LED module (LEDMOD LAB 470 nm, LEDMOD LAB 385, Omicron Laserage) combined using a 400-nm dichroic filter in a dual port condenser (Till Photonics). Light was coupled into the epifluorescence port of an Axiovert 200 microscope (Zeiss) and directed through a 20× objective (Fluar, Zeiss), yielding a light intensity at the cells of 5.8 mW/mm 2 for 470 nm and ~90 mW/mm 2 for 385 nm. Data were acquired at a sampling rate of 20 kHz, filtered at 1 kHz, digitized with the Patchmaster software (HEKA) and analyzed using the Fitmaster software (HEKA). Photoswitching of LTCC current was quantified as ps = (1 − I 480 nm /I 380 nm ). Here, I 480 nm (1) and I 380 nm (2) (see numbers in circles for reference in Supplementary Fig. 9 ) represent Ca 2+ peak currents. A CCD camera (QImaging Retiga 2000RV) was used for photon detection and a monochromator (Polychrome V, Till Photonics) was used as a light source. Samples were excited by 355 nm and 380 nm light, and the emission was detected at 495-530 nm with 4 × 4 pixel binning. The light intensity at the cell was 1.37 mW/mm 2 at 360 nm, 4.08 mW/mm 2 at 380 nm and 8.48 mW/mm 2 at 480 nm irradiation. To determine the dose-response relationship of diltiazem on Ca v 1.2Δ 1671-G12-CaM MUT 9 by Ca 2+ imaging, the following repetitively dark loop ( Supplementary Fig. 4 ) was applied. It had a total duration of 1,000 ms (rate of 1 Hz). At the beginning of the loop, the sample was irradiated for 150 ms at 355 nm light, which was followed by a short dark period (3 ms). A subsequent irradiation for 70 ms at 380 nm light and a dark period of 15 ms followed. During the remaining 762 ms of the loop no irradiation was performed.
Ca
For FHU-779 photoswitching, 380 nm or 470 nm light was applied after the Fura-2 excitation process. Ca 2+ changes were detected at a rate of 0.92 Hz for dose-response relationship determination. Here, the Ca 2+ imaging protocol to determine FHU-779 photoswitching included periods for Ca 2+ imaging with UV light to detect the Fura-2 emission ratio (F 355/380 ) and an irradiation period to set the photostationary state of FHU-779 with either 380 nm irradiation or 480 nm, corresponding to a 380-nm loop or a 480-nm loop ( Supplementary Fig. 4) . Each loop had a total duration of 1,050 ms. The sample was first irradiated for 150 ms at 355 nm and then followed by a short dark period (14 ms). An irradiation for 40 ms at 380 nm and a dark period of 59 ms followed. The remaining time of the loop contained 693 ms of 380 nm light or, alternatively, 480 nm irradiation and a final dark period of 94 ms. The ratio (F 355/380 ) before application of a depolarizing solution and FHU-779 defined a baseline. This value was reached again for higher concentrations of FHU-779 (≥ 100 μ M).
Ratiometric measurement (355 nm/380 nm excitation) was performed, including background correction under the control of FEI LIVE AQUISITION software. The external Ca 2+ imaging solution contained (in mM): 160 NaCl, 2 CaCl 2 , 4.5 KCl, 5 HEPES free acid, and 10 glucose, and pH was adjusted to 7.4 with NaOH. The depolarizing Ca 2+ imaging solution contained (in mM): 104.5 NaCl, 2
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CaCl 2 , 60 KCl, 5 HEPES free acid, and 10 glucose, and pH was adjusted to 7.4 with NaOH. Supplementary Fig. 3 (40 μ M FHU-779) shows data from three consecutive Ca 2+ imaging videos (Supplementary Videos 1-3 ) of the same field of view. Gaps are indicated by the parallel lines, and the following corrections were applied to align the data. Ca 2+ changes were detected at a rate of 0.96 Hz for Supplementary  Fig. 3 and Supplementary Videos 1-3. For reference, numbers in circles are given in Supplementary Fig. 3 . A first correction was applied to compensate for the reduction of F 355/380 caused by application of FHU-799 (40 μ M FHU-779) in the dark. To all data points from Supplementary Fig. 2b (2) until the end of the recording 0.271 × (average F 355/380 of initial recorded 80 s (before 60 mM K + application)) was added, where the multiplication factor (0.271) resulted from control experiments (data not shown). For the period between (1)-(2), correction was not included because of the slow wash in the procedure of FHU-779. The second correction was applied, as a quenching difference between F 355/380 under 380 nm (5) and 480 nm (4) illumination was detected in the presence of diltiazem (10 mM). This difference was subtracted from F 355/380 periods under 380 nm illumination (3) in the absence of diltiazem, resulting in Supplementary Fig. 3 . Videos of the ca 2+ dynamics (Supplementary Videos 1-3) were prepared using the ImageJ (Fiji) software 24 . Dose-response relationship of diltiazem was determined by Ca 2+ imaging (Supplementary Fig. 3 ). The fraction of block = (F 355/380, max -F 355/380, x μM diltiazem )/ (F 355/380 max -F 355/380, 1 mM diltiazem ); Here, F 355/380, max (1) (see numbers in circles for reference) was determined once F 355/380 equilibrated after depolarizing solution (60 mM K + ) was applied to cells, F 355/380, x μM diltiazem (2) was determined after depolarizing solution including x μ M diltiazem was applied to cells, and F 355/380, 1 mM diltiazem (3) was measured after a depolarizing solution including 1 mM diltiazem was applied to cells.
The determination of the dose-response relationship of FHU-779 was carried out analogously to the diltiazem measurement and further included light pulses for photoswitching ( Supplementary Fig. 3 ). Quenching effect resulting from wash-in of FHU-779 at concentrations ≥ 100 µ M was additionally corrected.
To (2) and (4)) and F 355/380, x μM cis-FHU-779 (3) were determined after depolarizing solution including x μ M FHU-779 was applied to cells under 480 nm or 385 nm illumination, respectively. F 355/380 , x μM cis-FHU-779, 1mM diltiazem (5) and F 355/380, x μM trans-FHU-779, 1 mM diltiazem (6) were measured after depolarizing solution containing x μ M FHU-779 and 1 mM diltiazem was applied to cells under 385 nm or 480 nm light, respectively. The obtained dose-response relationship data were fitted using the Patcher´s Power Tools (see above) plugin.
Ca
2+ imaging of pancreatic islets. For intensity-based Ca 2+ imaging in pancreatic islets, the islets were loaded with the Ca 2+ indicator Fluo-8 (10 µ M) 45 min before imaging using a Crest X-Light Nipkow spinning disk head coupled to a Nikon Ti-E automated base and 10× /0.4 NA objective. Dye excitation was performed at 470/24 nm using a Lumencor Spectra X Light engine, and the emission was detected at 500-550 nm using a Photometrics Evolve Delta 512 EMCCD. For FHU-779 photoswitching, irradiation was applied at 395/25 nm through the spinning disk. Light power at the sample was 68.6 µ W for 395/25 nm (continuous) and 1.1 mW for 470/24 nm (200 ms pulses) using a 10× /0.4 NA objective and 70 µ M slit size at 15,000 r.p.m. Optical control of LTCC within defined regions of interest (ROI) was performed in Fluo-8-loaded islets using a Zeiss LSM780 meta-confocal microscope coupled to a 25× /NA 0.8 immersion objective. Excitation was delivered at 488 nm using an Argon laser, and emitted signals were recorded at 500-560 nm using a GaAsP spectral detector. Targeted photoactivation was achieved within a user-defined ROI using a 405-nm laser and the proprietary Zeiss FRAP module (Zen 2012 Software). Power at the sample (25 × /0.8 NA objective) was 45.1 µ W for 488 nm and 418 µ W for 405 nm lasers while line-scanning a 512 × 512 pixel area (0.66 µ m per pixel; pixel dwell time 1.6 µ s). HEPES-bicarbonate buffer was used, containing (in mM): 120 NaCl, 4.8 KCl, 24 NaHCO 3 , 0.5 Na 2 HPO 4 , 5 HEPES, 2.5 CaCl 2 , and 1.2 MgCl 2 . In all experiments, 11 mM d-glucose + tolbutamide (200 µ M) was added to block K ATP channels and maintain LTCCs in the open state. Ca 2+ traces were normalized as F/F min , where F = fluorescence at any given time point and F min = minimum fluorescence for the recording. Percentage photoswitching was calculated relative to the effect of 50 µ M diltiazem on control islets ( Supplementary  Fig. 7 ) and defined as: (F/F min (FHU-779+395 nm) − F/F min (FHU-779+470 nm) )/ (F/F min(control) − F/F min (control + 50 μM diltiazem) ) × 100. Dose-response relationship approximation and IC 50 analysis. The diltiazemand FHU-779-induced LTCC block data gained by ratiometric Ca 2+ imaging were analyzed in Igor Pro (WaveMetrics) using the Patcher's Power Tools (see above) plugin. Diltiazem and trans-FHU-779 induced LTCC block data were fitted using a Hill fit. The cis-FHU-779 induced LTCC block data were fitted using a sigmoid function (dotted purple line in Supplementary Fig. 3 ). Because data were obtained up to a maximal applied concentration of 300 µ M FHU-779 and full LTCC block under UV light was not reached, the sigmoid function was chosen instead of a Hill function as qualitative approximation. For FHU-779 the highest applicable concentration was 300 µ M, as higher values showed strong quenching effects.
Insulin secretion detection of pancreatic islets. Insulin-secretion assays were performed as previously described 25 . Briefly, batches of eight islets were incubated in low-bind Eppendorf tubes for 30 min at 37 °C in HEPES-bicarbonate buffer supplemented with 3 mM d-glucose and 0.1% BSA. Fresh buffer was then added containing either control (11 mM d-glucose + tolbutamide 200 µ M), diltiazem (50 µ M), or cis-or trans-FHU-779 (35 µ M), before incubation for a further 30 min and measurement of insulin in the supernatant using an homogenous timeresolved FRET assay (Cisbio). FHU-779 was pre-illuminated before application using a high power 380 nm LED (11.4 mW at the fiber) to ensure cis isomerization. Statistical evaluation by one-way ANOVA was performed followed by Dunnett's multiple comparison test; *P < 0.05, **P < 0.01 (P = 0.0110, df = 3, F = 5.156).
Ex vivo experiments in the intact heart. Five-month-old female CD1 wildtype mice were heparinized and sacrificed by cervical dislocation. Hearts were explanted and perfused in the Langendorff configuration 17 with Tyrode's solution containing (in mM): 140 NaCl, 5.4 KCl, 1.8 CaCl 2 , 2 MgCl 2 , 10 d-glucose and 10 HEPES (pH 7.4, adjusted with NaOH). Two bipolar cardiac electrograms were recorded: (i) atrial electrograms between two AgCl electrodes placed at the right and left atrium and (ii) ventricular electrograms from one Ag electrode at the right atrium and a metal spoon under the apex of the heart using a bio-amplifier recording system (PowerLab 8/30, Animal Bio Amp ML 136, LabChart 7.1 software, AD Instruments, Oxford, United Kingdom).
Illumination was performed with monochromic excitation light (340 nm, 360 nm, 380 nm, 400 nm, 420 nm and 480 nm) generated by a monochromator (Polychrome V, Till Photonics) with a 15 nm (FWHM) slit setting. Light was guided through a silica optical fiber that was directed toward the front of the right atrium, with a power of 5 mW for 380 nm and 8 mW for 480 nm at the output of the fiber. The distance between the right atrium and the fiber varied within experiments between 0.5 and 1.5 cm. The irradiation wavelength and illumination time was controlled using LabChart Software.
First, we determined the change in spontaneous heart rate on illumination with 480 nm and 380 nm light for 30 s each to determine the sole photoeffects (Fig. 2h) . Next, FHU-779 (25 µ M) was washed in for 5 min, and illumination protocols were applied after a stable phase of heart rhythm had been reached. We first analyzed the effect of different illumination durations (60 s, 30 s, 10 s, 5 s and 1 s) for 380 nm and 480 nm, at least twice for each duration (n = 4 hearts). The effects of different wavelengths for terminating FHU-779 blocking effect was tested by 30 s illuminating with 340 nm, 360 nm, 380 nm, 400 nm and 420 nm after the 30 s 480 nm light pulses for activation. To determine the effect of each illumination condition, we calculated the average spontaneous beating rate during the second half of each illumination period, and analyzed the change caused by inactivation of FHU-779 with 340-420 nm compared to the average beating rate during the previous illumination with 480 nm. The data was processed using the LabChart Software. Statistical testing was performed using the paired Student's t-test (n = 4 hearts, P = 0.0375, df = 3, t = 3.570, 95% confidence interval − 11.07 to − 0.6371). A P value of < 0.05 was considered significant and is indicated by a * in the figures. Animal experiments were carried out according to the guidelines from Directive 2010/63/EU (see above). 
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Statistical parameters
When statistical analyses are reported, confirm that the following items are present in the relevant location (e.g. figure legend, table legend, main text, or Methods section).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement An indication of whether measurements were taken from distinct samples or whether the same sample was measured repeatedly
The statistical test(s) used AND whether they are one-or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
A description of all covariates tested A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons A full description of the statistics including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Data analysis
Patch clamp data were analyzed by Igor Pro 6.3 using patcher´s power tools (MPI for biophysical chemistry, Göttingen, Version 2.19). Ca2+ imaging experiments on HEK293T cells were analyzed by Igor Pro 6.3 using the patcher´s power tools (MPI for biophysical chemistry, Göttingen, Version 2.19) plugin. Data of whole heart experiments in the Langendorff configuration and field potentials were analyzed by labchart software 7 (ADINSTRUMENTS). Fitmaster 2x73.5 was used for cardiac ephys. experiment analysis. Excel( Microsoft office), origin 2015 (OriginLab) was additionally used. Fiij software was used to analyze Ca2+ imaging videos. Beta cell experiments were analyzed using Igor Pro 7 and graphpad prism 7 software.
For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
Data
